People with disabilities have limitations in activities of daily life such as grasping a glass of water or moving an object. Orthotic products that improve or restore the functionality of the musculoskeletal system of a patient contribute to some extent to overcome the limitations described. So does the hand brace, used to treat musculoskeletal disorders caused by various diseases (rheumatic disorders, neurological, orthopedic and others). The paper simulates a novel exoskeleton helping to grasp any object. The novelty of this mechanism is that works without external energy, it works with a wrist movement that generates a kinetic movement and helps to grasp objects with an extra force. The orthosis facilitates the functionality, being comfortable and easy to be used by the patient. It is adaptable to hand size and finger length of the patient.
Introduction
Hand partial disabilities become a serious problem for many people, who neither have mobility and feeling in their hands, nor enough strength to support objects such as a simple glass of water. Mainly elderly people suffer this problem, but also many people who have suffered accidents and people with certain types of musculoskeletal conditions such as osteoarthritis.
However, the technology developed has the novelty of being comfortable and easy to be used by the patient. It is adaptable to hand size and finger length of the patient and needs no power source for operation.
For several decades the development of a new hand brace has included new technological advances. However, there is still a significant gap between the state of the art equipment designed in terms of presenting a combination of highly functional, durable, aesthetically and economically viable [5] . In this regard, a number of factors are critical in the design of actuators for a hand.
In principle the design of the device used will be taken into account and therefore the device will be adapted to the size of the patient's hand and will have a suitable weight so that it can be used comfortably.
Furthermore the design must consider what is the best operating mechanism of the device in terms of type of actuator (manual or electric), the gripping force provided by the apparatus and the gripping speed thereof. Finally, the design will have to evaluate which method is the union of the joints and the type of grip that provides special emphasis on the thumb because it is responsible for 40% of full functionality of ones hand [16] . In this sense, the technology developed in this paper takes into account the following: It can be adapted to different hand sizes of patients and amplifies grip strength in addition to not requiring any external power source (no batteries or batteries, or Electromyography (EMG)) and is driven only by the flick of the wrist. Therefore, the technology developed can be easily and conveniently used by patients when performing daily activities. It is easy to manufacture and it is economically competitive since it does not require complex mechanical components, which can make the technology developed one of the key factors when it comes to be funded by the National Health Service (NHS).
There are a variety of devices for a hand operation that enable or facilitate the movement or function of it. Orthosis is an orthopedic appliance or apparatus used to support, align, prevent, or correct deformities or to improve the function of movable parts of the body. Based on this definition, our research is focused on the development, design, and building of an exoskeleton, so named our orthosis. This device needs to follow four initial premises: a) all the components could be built by the users, b) could be used without any external forces, c) aesthetic appearance and ergonomic aspect, and d) the target people to used it are those with little hand mobility and without force, such as elderly or people who suffer from some pathologies.
Under these premises we design and build an exoskeleton that works with a wrist movement and helps to grasp any object used in the active daily live (ADL). We consider two types of grasp: power grasp, when grasp using the palm, and precision grasp when grasp using the fingertips, defined in [18] .
One model of an orthotic hand that has been investigated consists on an exoskeleton with four degrees of freedom for the rehabilitation of the index finger. The device can generate bidirectional motion (flexion-extension) for all joints of the finger and it is adjustable for various hand sizes. Force sensors such as FlexiForce and encoders with a DC motor are used to measure the angular position. The information received from the sensors is used to control the exoskeleton and to evaluate and analyze the effects of rehabilitation [19] . One more anthropomorphic hand was presented. The problem with this design is that comprises a DC motor since it uses a power source; therefore, the exoskeleton does not have a prolonged time of use [1] .
Another orthotic model studied was an exoskeleton for hand rehabilitation [20] , a mechanical prototype with four degrees of freedom, which is moved by an actuating unit and receives information through the Hall effect sensors in each joint structure. This model can also use resistive force sensors at the top and bottom of the phalanges and myoelectric sensors to measure the activity of some muscles of interest. The problem with this type of hand brace lies not only in the need for an external power source but can also pose a greater weight to the patient's hand where it is applied.
An orthotic hand for preventive purposes was also designed [14] . In this sense, it highlights a prototype exoskeleton designed to fit into the gloved hand of an astronaut and to counteract the rigidity of the pressurized space suit. The hand movements are monitored with an array of pressure sensors located between the exoskeleton and the hand. By means of a microcontroller, the commands apply to a driver under Pulse With Modulation (PWM) controlled motor.
Finally, other prototypes were designed in order to create virtual environments with which to interact. In this area, some authors have proposed a new methodology for master-slave systems, using passive force feedback [5] to build an exoskeleton master hand with three fingers and four degrees of freedom (DOF) each, using force feedback and a control algorithm that uses electromagnetic clutches and elastic elements. Its operation is based on a switch between force control and position control, and this switching depends directly on whether it is in contact with an object. With the exoskeleton built and implemented control strategy we can design a virtual reality system for the hand. In the same direction, an exoskeleton proposed by other authors allows full extension and flexion of the fingers and thumb [16] . Some of them apply a two-way feedback, and others, three DOF for the index and four DOF for the thumb. They use direct current motors, power cables and force sensors to measure the power of the actuators and the ability to force one's hand. The facility is designed to be used in conjunction with a commercial haptic arm with six DOF, in order to enable simulation of external forces.
A technique to stimulate finger pad shear deformation transferred to the side of the fingertip was developed by [6] . However, [8] developed a wearable sensor system for estimating finger contact force by measuring the mechanical deformation of the side of the finger pad. A new model to simulate contact and rolling motion between two soft fingers and an object by using Finite Element Method (FEM) and constraint stabilization methods. In similar line [9] presents a hemisphere-shaped soft finger for soft fingers, based on force distribution.
Pressure distribution on the hand surface during hand grasping an elliptic cylindrical handle was study by [17] based on computer aided engineering analysis. [21] presented a study intended to analyze, theoretically, the time dependent deformation profile of skin surface, the strain distributions within soft tissue, and the response force of a fingertip when it is stimulated by a probe vibrating with a sinusoidal movement. In order to simulate the skin contact deformation mechanism, a physical model based on the Boussinesq approximation with nonlinear elasticity and a compressing-swelling effect was proposed by [22] . [13] showed a complete grasp model used to simulate an experiment in which a subject was asked to grasp two cylinders of different diameters and weights. It showed similar angles in the experiments to the ones that we calculate with our approximation. Similar results are also shown when using objects with 3, 5, or 7 cm in diameter in [3] . Using an instrumented cylinder [4] described the magnitude of pinch force as the function of a cylinder allowing simultaneous measurements of the opposition axis of the index and the thumb of the hand. [2] have introduced a paradigm in which subjects grasp from the same starting position to the same final object, once as a typical laboratory task and once as a part of everyday-like behavior.
This paper is organized as follows: Section 2 shows the device. Section 3 introduces results and discussion. Finally conclusions are given in section 4.
Device
According to the survey Disability, Personal Autonomy and Dependency of National Institute of Statistical (INE 2008, Spain), people with disabili-ties have limitations associated with doing housework, chores and personal hygiene care and with moving, grasping, and transporting objects. There are a variety of devices to drive either a prosthesis or an orthosis that enable or facilitate the functionality of the same devices as the type of continuous passive motion (CPM), which are preferably used for rehabilitative purposes.
The technology developed in this paper is part of an innovative project in the field of the design of an exoskeleton to facilitate extra force of the fingers of one hand to people who are not strong enough to support objects, such as the elderly, people who have suffered accidents or people with certain diseases. Figure 1 shows a first design of the exoskeleton. The next design simplify the exoskeleton to build and use more usefully by the users. We can observe in Figure 2 a three dimension (3D) draw of the exoskeleton designed. Segments (3, 5) are designed and built for each finger, index, middle, ring, and small. The length of each finger depends on the hand length (HL), the relationship between the length of each phalanx and the HL can be found in [10] . For each finger, exoskeleton has a first segment (3) and a second one (5) corresponding to the bones proximal phalanx (3), medial phalanx, and distal phalanx (5). Thanks to an intermediate part the exoskeleton consists of several hinge plates (11) . Each element (11) is fastened to its correspondenting finger and there are four for finger. Element (12) connect the segments (3, 5) and are jointed by a revolute joint in two parts, the upper part is attached to the fixed element (11) and permit tilt the angle necessary to balance the segment attached, in the lower part the segment (3) or (5) are attached. Considering the aforementioned exoskeleton applied to the dorsal hand, the segments are parallel to these bones and phalanges and consist essentially of elongated rigid strips, being first (3) and second (5) segments directed towards the dorsal surface of the corresponding finger. These segments have protruding portions of thrust (E1, E2), shown in Figure 2 , and together with another portion of thrust are in contact with the corresponding finger to push it in the middle of the phalanx not matching the knuckles when the mobile exoskeleton moves, triggering the simultaneous movement of the segments (3 and 5). Rotation is transmitted through the intermediate (joint plates 11) around the respective joint (19) so that the plate is directed to a second position.
The hinged support plates (11) as shown in Figure 3A -shaped pillar, comprise each of the joints (19) configuration at the free end of the support (11) in the form of pins and some set in the form of additional holes (19) arranged next to one end of each of the joint plates (11) . In the example illustrated in Figure 3B each of these plates, elongated like a tab in the palmar-dorsal direction of the hand, forms a hollow casing with its respective holes (19), one on each side higher although other than the illustrated example. The plates are solid and only have a larger face with a through hole (19) to be inserted in a corresponding pin (19) of the support (11) . Two pivots (16, 17) are articulated in their corresponding holes at the end of two consecutive segments, as illustrated in Figure 3 , in relation to the first (3) and second (5) segments.
To activate the exoskeleton, once it is fitted in the hand by the user, the movement of extension of the wrist generates a movement of the plate (11) and this movement is transmitted to the others plates for each finger, through cables or rigid bars. To deactivate, the exoskeleton returns to the neutral position with a movement of flexion of the wrist. Figure 4 shows the mechanism used to activate the movements of the plates (12) . The trigger is in contact with the metacarpal bones of the dorsal surface of the hand. Before grasping, the mechanism follows the movement of the hand and fingers. Once the person is feeling the object to grasp, one movement of the wrist flexion permits to have an extra force. When the wrist rotates the rotational spring go to the neutral position and the device is deactivated.
The mechanism is built as a four-bar linkage, with two four-bar linkage for finger as shown in Figure 2 . Plates (12) have the same length and the movement of the elements (3 and 5), have a curvilinear translational movement. For this reason, the kinematics of the mechanism are avoided. Plates (12) are working in compression and the maximum force is 1.5 N. The spring function is restoring the neutral position of exoskeleton with an insignificant resistance. The idea is to built a commercial spring with small dimensions, just for restore to neutral position. The mechanism is covered by an aesthetic glove and it is easy to be used.
Results and Discussion
This patent born from the research in virtual human hand and rehabilitation under stroke. For this reason before proceeding with the design, we have dates and have validated these dates. In this section, we show how the data was obtained and how we can apply to the exoskeleton to demonstrate that it work.
In the Section 2, we show how the device work, but for the design shown the question is: is the movement of the wrist it is enough to give the force to the user to grasp any object in the activity of daily life (ADL)?. The answer is yes, and for that we demonstrate that the force exerted for each point of contact (E1, E2) is sufficient to grasp. Next we focus in the finger deformation and based in these deformation we calculate the force exerted.
Finger deformation
When the exoskeleton is activated the extra-force is obtained by the movement of the finger. This force can be measured by the finger deformation and we calculated it with a FEM method.
The finite element method has been applied to the computer model developed. Figure 5 shows graphically the results of the strain obtained in both cases using the finite element method and the experiment carried out with an actual finger, when applying a vertical force directed towards the index finger of 1N.
Since each person has different finger settings, each finger has a different Poisson's ratio and a different Young's modulus. Therefore, these deformations have been calculated with different Poisson ratios, keeping constant Young's modulus and viceversa, i.e. by varying the Young's modulus and Poisson ratio maintaining constant, no large variations observed by giving the data obtained [15] .
After calculating the deformation of the fingertip, Figure 6 shows the beam to a segment of the finger. The colored part shows the initial position of the exoskeleton, with a starting position of 45 degrees. When applied to the wrist motion, the apparatus begins to compress the finger up to 3 mm. This deformation is applied to the fingertip. Since this deformation, according to the established model calculations, corresponds to a force of 5 N, if we transfer this force to each segment of the finger, i.e., the distal, middle, and proximal, we can say that each finger is applied force of 15 N, when grasping with power, shown in the Figure 7 and if all of them act, the fingers can exert a force of 60 N. The thumb only gives our support mechanism without applying force.
The table 1 shows the comparison of the results obtained by the experiments [11] , and the results of the finite element calculation.
The results obtained by the calculation show a pattern similar to the experimental data. The displacements produced may not be exactly equal for both methods, since the experimental method can have a margin of error having to force oneself to be difficult to maintain the same force for a few seconds while measuring displacement. Therefore, the 3 replicates were performed for each measurement. However, it is difficult to make accurate displacement. Therefore, small differences obtained between both methods can be considered the model valid. Figure 8 shows an exoskeleton prototype. This prototype is built with a steel cut by laser machine. To see the exoskeleton prototype we remove the aesthetic globe. 
Grasping with the device
To follow the movement of the hand the device is attached and fixed to the hand. When the user grasps the object with a wrist movement, the exoskeleton is activated and give an extra force helping to grasp an object. Grasping is described in [12] , but our interest now is to find out if the forces and movements when grasping the object with the help of the exoskeleton are sufficient to grasp the object with the security that it is possible to do the task, for instance, drinking a glass of water.
To validate if our device can grasp an object to do the activities of daily life, we need to calculate the forces and moments exerted by the deformation of the fingertip, with a maximum deformation of 3 millimeters.
Grasp Statics
Once the hand with the exoskeleton grasps an object we consider it an static problem, because we do not take into account of the manipulation of the object in this case. With this assumption, we apply the grasping equations shown in [7] .
We use the grasp distribution for a sphere with precision shown in Figure  7 and we consider soft-finger. The grasp distribution for soft-finger from the equation: 
where c i is the contact point i subindex is for the finger contact, the maximum is i = 14. where µ is the static coefficient of friction and γ is the coefficient of torsional friction.
From the definition of [7] grasp is a force-closure if given any external wrench ω ext ∈ p applied to the object, there exist a contact forces f c ∈ F C such that G.f c = −ω ext
Grasping forces
Once the equations are applied next figures show the forces obtained and demonstrate that the object with a weight of 10 N can be grasped with the help of the exoskeleton presented in this paper.
Normal forces f are showed in table 1 and depend of the fingertip deformation, for 3.25 mm the normal force is 6 N , for 2.28 mm the normal force is 4 N , and so on.
The next two figures 10, 11 show the friction forces calculated with the equations obtained , for the contact c 2 . The isolines represent the friction forces, horizontal coordinate is the weight of the object and vertical coordinate is the normal force, the intersection of both lines is the friction force for the contact point c i . To graph these forces, first we calculate the normal forces with the finite element method and the weight of the object is known and change from 4 to 10 N.
